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ABSTRACT

Data on empty body chemical composition of 18 breeds or breed crosses of
non-lactating, non-pregnant mature cows, were used to estimate a standard
reference empty body weight (SREBW ) for each breed. The SREBW was
defined as the empty body weight at skeletal maturity that contained 25%
fat. Relationship between empty body fat percentage (EBFP) and empty
body weight as a fraction of SREBW (ug) was, EBFP = —15-7 4+ 40-7
*ug(r? = 0-77). This relationship was not significantly different among
breeds. An evaluation with chemical composition data of five breeds of
mature non-lactating cows showed no significant difference in the relation-
ship between EBFP and ug. Data from five experiments showed that cows
that lose empty body weight in early lactation had a leaner empty body
composition in mid-lactation compared with non-lactating cows al the same
value of ug. Equations were formulated to adjust predictions of body com-
position changes for lactating cows. Copyright © 1996 Elsevier Science Ltd

INTRODUCTION

Empty body composition of mature cows, measured in terms of weight or
percentage of fat, reflects the status of energy reserves in the animal, and
this is associated with rebreeding performance (Wettemann et al., 1982;
Whitman, 1975). Methods of predicting body composition of mature
female cattle would be useful in nutritional management of the cow herd,
and in developing models to simulate cow herd productivity. Estimates of a
genotype-specific, composition constant target mature body size at skeletal
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maturity have been used in formulating models to predict composition of
gain in cattle (CSIRO, 1990; Notter, 1977; Sanders & Cartwright, 1979).
One common feature of these models is that within each model, genotypes
of mature cattle at the same proportion of mature body size have a similar
composition. However, body composition at the same proportion of the
respective mature body size varies between models. Our first objective was
to investigate the composition of empty body weight changes of different
breeds of mature female cattle, as a function of mature body size, in
experiments where chemical whole body composition was measured. Our
second objective was to develop a model to predict composition of empty
body weight changes in lactating and non-lactating mature cattle, using
relationships obtained from the experimental data.

MATERIALS AND METHODS
General considerations
The model is defined by a set of differential equations written in FOR-
TRAN. Solutions are obtained using a fourth-order Runge-Kutta pro-

cedure for numerical integration. Descriptions of state variables and other
abbreviations are given in Table 1. Time step in the model is 1 day, and

TABLE 1
Description of variables used in body composition model

Variable Units  Description

BW kg Bodyweight of animal including weight of contents of gastro-
intestinal tract

EBW kg Bodyweight of animal excluding weight of contents of gastro-
intestinal tract (referred to as empty body weight)

EBFW kg Empty body fat weight

EBFFW kg Empty body fat-free weight

EBFP % Empty body fat percentage

SRBW kg Standard reference BW. Body weight of mature cattle when the
empty body contains 25% fat

SREBW kg Standard reference EBW. Empty body weight of mature cattle that
contains 25% fat

ur ratio Stage of maturity for BW (BW/SRBW)

ug ratio Stage of maturity for EBW (EBW/SREBW)

REBFP % Reference empty body fat percentage. This is the EBFP calculated

with an equation obtained from data on mature non-pregnant,
non-lactating cows

REBFW kg Reference empty body fat weight (REBFP/100*EBW)

NEB Mcal  Net energy balance

DIM day Days in milk
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changes in state variables are denoted by a lower case d in front of the
state variable.

Experimental data

Chemical empty body composition was obtained on 18 breeds or breed
crosses of non-lactating, non-pregnant cows in two experiments. In
Experiment 1 (Jenkins et al., 1986), data were collected on 9- and 10-year-
old cows produced by mating either Angus or Hereford cows to Angus,
Hereford, Red Poll, Brown Swiss (predominantly European), Maine
Anjou, Gelbvieh or Chianina sires, (Gregory et al., 1978). Cows produced
in a three-breed diallel involving Angus, Hereford and Brown Swiss (pre-
dominantly European) that were 6-9 years of age were also included. The
experiment commenced 6-8 weeks postweaning when representative cows
of each breed were assigned to one of two treatment groups: either fed to
maintain body weight (BW), or given ad libitum access to an experimental
diet (90% maize silage, 9% soybean meal) for 84 days. In addition,
representative cows of each breed were slaughtered at the start of the
study to provide initial estimates of body composition. These data are
described in Table 2.

Breeds in Experiment 2 were Angus, Braunvieh, Charolais, Gelbvieh,
Hereford, Limousin, Pinzgauer, Red Poll, and Simmental. These cows
were sampled from the Germ Plasm Ultilization experiment (Gregory et
al., 1991). Within each breed, four cows were assigned to each of four
feeding levels of dry matter intake (58, 76, 93, or 111 g/BW®73) of an
experimental diet (77-5% ground alfalfa, 17-5% corn, 5% corn silage)
with a metabolizable energy content of 2-25 Mcal/kg dry matter (Jenkins
& Ferrell, 1994). At the end of a 5-year period, non-pregnant, dry cows
continued on their assigned feeding level, and were slaughtered when they
were determined to be in BW stasis. This was defined as zero average BW
change for eight contiguous weeks. These data are described in Table 3.

In a third experiment (St C. S. Taylor, unpublished data) a total of 18
cattle of the same breed were assigned to different feeding groups and each
group was fed a fixed amount of feed for an extended period of time until
BW equilibrium was attained. Equilibrium BW in these data was directly
proportional to feeding level, and varied from 60 to 140% of composition
constant adult body size. All cattle were slaughtered at the end of the
experiment and empty body chemical composition was obtained.

Mature body weight and composition

Sanders & Cartwright (1979) and Notter (1977) defined mature body size
as the animal’s BW at skeletal maturity when live BW and empty BW,
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respectively, contained 25% fat. Taylor & Murray (1991) defined a stan-
dard mature BW as adult BW when the proportion of total lipid in the
body was 0-25. CSIRO (1990) defined a standard reference weight as the
live weight that would be achieved when skeletal maturity is complete and
the empty body contains 250 g fat/kg. St C. S. Taylor (unpublished data)
defined mature BW as the BW equilibrium of cattle containing 25-1%
chemical fat in the empty body.

Body composition varies with gut fill; hence it would be more appropriate
to define a genetic mature body size at a fixed adult empty body composi-
tion. It would appear that this fixed empty body composition may be arbi-
trary, and the similarity in adult empty body composition at which mature
body size was defined by the above researchers may be due to personal
communications and familiarity with previous literature. The only support-
ing evidence we found for using 25% empty fat was from Robelin (1986),
who found that adult male Friesian bulls had about 26% empty body fat at
skeletal maturity. However, if these bulls were fed differently, it is possible
that they could have achieved a different adult BW and empty body fatness.

Mature BW and degree of maturity for BW may not be appropriate
terms when animals are heavier than their mature BW and degree of
maturity for BW is greater than 1. In order to avoid the use of terms such
as “‘more mature” and ‘“less mature”, the term ‘‘standard reference
weight” as used by CSIRO (1990), and proportion of standard reference
weight will be used to represent mature body size and degree of maturity
for mature body size, respectively. Standard reference weight in this study
is defined as the adult live BW (SRBW), or adult empty BW (SREBW),
when the empty body contains 25% fat.

Predicting body composition of mature cattle

Estimates of SRBW and SREBW for breeds in Experiments 1 and 2 were
obtained by regressing empty body fat percentage (EBFP) on empty BW
and live BW, respectively, within-breed. Empty body fat percentage was
set to 25 in the resulting regression equations, and breed estimates of
SRBW and SREBW were calculated. Individual animal data from
Experiments 1 and 2 and breed estimates of SRBW and SREBW were
used to obtain relationships between EBFP and empty BW and live BW,
expressed as a proportion of SRBW and SREBW, respectively. The rela-
tionship between EBFP and the proportion of SREBW was evaluated
with individual animal data on chemical empty body fat percentages of
five breeds of mature cows (Wright & Russel, 1984q).

All data used to develop and evaluate the relationship between EBFP
and the proportion of SREBW were obtained by chemical analysis of the
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empty bodies of mature non-lactating cows. Accuracy of this relationship
in predicting the empty body fat percentage of lactating mature cows was
evaluated with data from five experiments that measured empty body
composition of mature lactating cows. Based on the results of this
evaluation, a proposal for predicting empty body composition of mature
lactating and non-lactating cows is presented.

RESULTS AND DISCUSSION

Estimates of SRBW and SREBW at 25% empty body fat for breeds of
adult female cattle in Experiments 1 and 2 are shown in Table 4. Angus
cows used in both experiments originated from the same population;
hence there was little difference in SREBW between experiments (446 vs.
441 kg). Hereford cows originated from different populations for Experi-
ments 1 and 2, and estimates of SREBW were different (467 vs. 545 kg).

Body weight as a proportion of SRBW (uy) was calculated for indivi-
dual animals in both experiments. Breed differences in the slopes of the
regressions of EBFP on u, were not significant. This suggests that at the
same value of ur there were no significant differences in EBFP between
breeds in Experiments 1 and 2. Regression equations of EBFP on up,
obtained with the data in Experiments | and 2 are shown below, together
with the regression equation obtained by St C. S. Taylor (unpublished
data).

TABLE 4
Breed estimates of standard reference body weight (SRBW, kg) and standard reference
empty body weight (SREBW, kg) at 25% empty body fat, for adult female cows in
Experiments 1 and 2

Experiment 1 Experiment 2
Breed® SRBW SREBW Breed SRBW SREBW
Brown Swiss 669 547 Hereford 628 545
Hereford 557 467 Angus 536 441
Angus 542 446 Red Poll 531 456
Hereford—-Angus x 553 461 Braunvieh 675 556
Red Poll x 572 470 Simmental 744 631
Brown Swiss x 612 514 Limousin 671 588
Gelbvieh x 680 557 Charolais 815 693
Maine Anjou x 787 640 Gelbvieh 803 686
Chianina x 701 597 Pinzgauer 640 536

“Hereford-Angus x = 1/2 * (Hereford x Angus + Angus x Hereford), Red Poll x = 1/2
* (Red Poli x Hereford + Red Poll x Angus), etc.
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(Taylor) EBFP = —16-8 + 41-9 % ur (n = 18, 1> = 0-76) (1)
(Exp.1) EBFP = —17-2 + 422 % up (n = 156,1* = 0-71,SE=2-2)  (2)

(Exp.2) EBFP = —19-2 + 44-5 % ur (n = 108, > = 0.73,SE = 2.7).  (3)

Body composition and weight data used in these three studies were
obtained from 6-year-old or older female cattle. Data used to derive
equation (1) were obtained from cattle that were in BW equilibrium; hence
this equation gives the relationship between EBFP and uf for mature cat-
tle that are in BW equilibrium. In Experiment 1, cattle on the low level of
feeding may have been in BW equilibrium, but cattle in the initial slaugh-
ter group were not in BW equilibrium, and cattle on the high level of
feeding were still gaining weight at slaughter. The relationship between
EBFP and up in equations (1) and (2), was almost identical. These results
suggest that the relationship between EBFP and uf is the same for mature
cattle in BW equilibrium or mature cattle that are changing in BW.
Cattle in Experiment 2 were slaughtered when there was little change in
BW between consecutive weights, and these cattle may have been in BW
equilibrium. The relationship between EBFP and u in equation (3) had a
greater slope compared to equations (1) and (2). The difference in slopes
between equations (2) and (3) may be due to differences in gut fill. This
was investigated by calculating empty BW as a proportion of SREBW
(ug), for individual animals, and regressing individual EBFP on ug. The
following regression equations were obtained from this analysis,

(Exp.1) EBFP = —15-8 +40-7 % up (n = 156,1> = 0.-77,SE = 1.8)  (4)
(Exp.2) EBFP = —15-4 + 40-6 % up (n = 108,r> = 0.77,SE = 2.2).  (5)

The slopes in equations (4) and (5) were almost identical, and this indi-
cates that on an empty BW basis, the relationship between EBFP and ug
in Experiments 1 and 2 was similar. Data from Experiments 1 and 2 were
pooled, and individual animal EBFP data was regressed on ug to obtain
the following regression equation:

EBFP = —15.7440-7 * up (n = 264,1* = 0-77,SE = 1.4).  (6)

Observed treatment means for EBFP in Experiments 1 and 2 are plotted
against treatment means predicted with equation (6) in Fig. 1. The scatter
of points in this plot did not depart systematically from the 45-degree line,
and this is evidence that the model is a good representation of the real
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system. Deviations of points from the 45-degree line were greater for
Experiment 2 than Experiment 1. Average number of animals/(breed-
treatment) in Experiment 1 was 5-8 compared to 3 in Experiment 2 (Table 2
and Table 3), and most of the large deviations in Fig. 1 were from treat-
ments with 1 or 2 animals/(breed-treatment) in Experiment 2.

Predicting composition of empty body weight change

We define empty BW (EBW) as the total weight of fat and fat-free matter;
hence if we can predict the fraction of EBW change that is fat, then the
composition of this EBW change can be predicted. Equation (6) predicts
the EBFP at a given EBW expressed as a proportion of SREBW, and we
will refer to this as the reference EBFP (REBFP). We can rewrite equation
(6) as:

REBFP = —15-7+40.7« EBW/SREBW

where EBW/SREBW is substituted for ug. Multiplying both sides of this
equation by EBW/100, we get:

REBFW = —0-157 «x EBW + 0-407 x EBW?/SREBW

10
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Fig. 1. Observed and predicted empty body fat percentage means for nine breeds by three
treatments in Experiment 1 and nine breeds by four treatments in Experiment 2.



10 C. B. Williams, T. G. Jenkins

where REBFW is the reference empty body fat weight. The instantaneous
rate of change in REBFW is given by the first derivative of this equation
with respect to EBW.

dREBFW/AdEBW = —0.157 4+ 0-814 % up 0

where yr is EBW/SREBW. Now by the chain rule for derivatives we can
obtain the daily change in REBFW (dREBFW/d¢) as:

dREBFW/dr = dREBFW/dEBW % dEBW/d1. (8)

Equation (8) gives the weight of fat in a given daily change in EBW, and
in this case the term dREBFW/dEBW represents the fraction of daily
EBW change that is fat. If dEBWT/dr=0, then dREBFW/dr will be zero,
and empty body composition will not change. If dEBW/dr=1, then
equations (7) and (8) are equivalent.

Comparisons with other models

The fraction of fat in EBW change was predicted with equation (7) for
values of uz within the range observed in Experiments 1 and 2 (0-6 to
1-31). These predictions were compared to predictions with three pub-
lished models (CSIRO, 1990; Notter, 1977; Wright & Russel, 19844). With
the assumptions of Notter (1977), once an animal attains its SREBW, all
changes in EBW are predicted as 100% fat, resulting in mature cows of all
breeds having the same composition and the same composition of gain,
when evaluated at the same wg. Wright & Russel (1984b) developed the
following equation to predict fraction of fat in EBW change:

dEBFW/dEBW =0 186 + 0 - 001036 x EBW

where EBFW is empty body fat weight in kg. According to this equation,
the fraction of fat in EBW change is the same for all breeds of mature
cattle at the same EBW. However, at the same uz, EBW of different
breeds of mature cattle would be different, and the fraction of fat in EBW
change would also be different.

CSIRO (1990) uses one equation to predict g fat/kg EBW change, as a
function of dEBW/d¢, live BW as a proportion of SRBW, and breed
groupings (A, B, or AxB). Breed group B were continental breeds (Char-
olais, Simmental, Chianina, Maine Anjou, Limousin, Blonde d’Aqui-
taine), breed group A were other breeds of commercial importance in
Australia, and breed group AxB were crossbreds. In this model when live
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BW as a proportion of SRBW was greater than 0-6, EBW change had very
little impact on the composition of gain, and in predicting the composition
of gain we assumed that live BW as a proportion of SRBW was the same
as EBW as a proportion of SREBW. According to CSIRO’s model, at the
same value of ug, mature cattle of all breeds within a breed group may
have different compositions, but the composition of gain would be the
same. In addition, the composition of gain for mature cattle at the same
value of ug in different breed groups would be unique to the breed group.

Values for the fraction of fat in EBW change, predicted with equation
(7) and the three models above, are plotted against uz values in Fig. 2.
With equation (7) and the model of Notter (1977), there are no breed dif-
ferences in the composition of EBW change at the same value of ux. For
the models of Wright & Russel (19845), and CSIRO (1990), composition
of gain differs between breeds at the same value of ug, and predicted
values for Angus and Charolais cows are shown for these two models.
These results show large differences in predicted values for fraction of fat
in EBW change between all the models. Equation (7) and Wright & Russel
(1984b) show a linear increase with increasing values of ug; Notter (1977)
shows no response, and CSIRO (1990) shows a curvilinear response, with
very little increase for values of uy greater than one. At values of ug less
than and greater than 0-96, the composition of EBW change predicted
with equation (7) was leaner and fatter, respectively, compared with pre-
dictions for Angus cows from Wright & Russel (19844) and CSIRO

w 1.2
[C] Wright and Russel
5 /(l984b) Charolais
510 Notter (1977)
2
m Equation [7]
z
a 0.8 Wright and Russel
= (1984b) Angus
w
=z
c CSIRO (1990) Angus
« 0.6
: CSIRO (1990)
o Charolais
4
© 0.4
3]
<
w
w

0.2 + + +

0.6 0.8 1.0 1.2 1.4

PROPORTION OF STANDARD REFERENCE EMPTY BW

Fig. 2. Predicted values for fraction of fat in empty body weight change, obtained with
four models, plotted against proportion of standard reference empty body weight.
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(1990). Charolais cattle had greater amounts of fat in EBW change than
Angus cattle with the model of Wright & Russel (19845), and the opposite
was true for the model of CSIRO (1990). In the model of Wright & Russel
(1984b), at the same value of ug, larger and leaner breeds of cattle were
heavier and had a greater proportion of fat in EBW change than smaller
and fatter breeds of cattle. For values of ug ranging from 0-6 to 1-3, the
fraction of fat in EBW change increased from 0-657 to 0-901 with equation
(7N, and from 0-630 to 0-641 and 0-521 to 0-531 for Angus and Charolais
cows, respectively, with the model of CSIRO (1990).

Evaluation

Individual animal data on the chemical composition of the empty bodies
of 73 non-lactating mature cows representing five breeds (Wright & Russel,
1984a) were used to evaluate equation (6). Breed values of SREBW were
estimated from within-breed regressions of EBFP on EBW, and values for
ug were calculated for each animal in these data. Data from Experiments 1
and 2 used to obtain equation (6) were classified as Trial 1, and data from
Wright & Russel (1984a) were classified as Trial 2. Heterogeneity of slopes
of the within-trial regression of EBFP on ug was tested with the following
linear modetl:

Vi=pn+Ti+bUj+c;Uj+ e

where y;; is the jth observation of EBFP within the ith trial, 7} is an effect
due to the ith trial, b is the linear regression coefficient for EBFP on Uy, ¢;
is the within-trial linear regression coefficient expressed as a deviation
from the average linear regression of EBFP on Uy, and Uj; is the value of
ug for the jth animal in the ith trial. Results of this analysis showed no
evidence that the slopes of the regression of EBFP on uz within-trial were
different. )

Observed values for EBFP for the data of Wright & Russel (19844) are
plotted against EBFP values predicted with equation (6) in Fig. 3. The
scatter of points in this plot did not depart systematically from the 45-
degree line, providing further evidence that equation (6) closely represents
the underlying relationship between EBFP and uj in non-lactating mature
COWS.

All data used in the development and evaluation of equation (6) and
also St C. S. Taylor (unpublished data), were obtained through chemical
analysis of the empty bodies of non-lactating mature cows. If a given
amount of EBW change in non-lactating and lactating cows has the same
composition, then equations (6) and (7) could be used to predict empty
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body composition, and composition of EBW change, respectively, in
lactating and non-lactating cows. Results on prepartum and postpartum
cows reviewed by Bauman & Currie (1980) and McNamara (1991) indi-
cate that several physiological changes that promote increased lipolysis
and decreased lipogenesis begin to occur 30 days prepartum and continue
into the postpartum period. If these physiological changes result in a
greater proportion of fat in EBW change of cows during early lactation,
compared to non-lactating cows at the same value of ug, then equation (6)
would overpredict the percentage of fat in early lactation cows that have
lost EBW.

Equation (6) was evaluated with empty body composition data on
lactating cows obtained by chemical analysis (Andrew ez al., 1994; Gibb et
al., 1992; McGuffey et al., 1991), carcass-specific gravity (Bath et al.,
1965), and chemical analysis of the non-carcass combined with carcass-
specific gravity (Brown et al., 1989). Data from Gibb e a/. (1992) were on
British Holstein—Friesian cows, and all other data were on American
Holstein cows. Data on chemical empty body composition of five 6-12-
year-old Holstein cows (Ellenberger et al., 1950) were used to obtain an
estimate of SREBW. The regression equation of EBFP on EBW in these
data was EBFP = —23-5+0-0935« EBW (n=5, r’=0-96, SE=0-01),
and the estimate of SREBW was 519 kg. These data were obtained from
cows in the 1940s, and we increased the estimate of SREBW by 5% for
Holstein cows in the 1980s (SREBW =545 kg). Data from a trial in

50

°\° L ]

~ 40

< -

[T N D

5 - :
e o [ 34 -

S | s

t - . . -

Py .. - -

= e - ®

w20 + o e .

) . .

m - o -

> <3

by s

w10} - *

e}

o ‘.'.

0 t
0 10 20 30 40 50

PREDICTED EMPTY BODY FAT, %

Fig. 3. Observed individual animal empty body fat percentage (n=73) from the experi-
ment of Wright & Russel (1984«), and predicted individual empty body fat percentage
from equation (6).
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Poland that included Friesians from USA and the UK (Jasiorowski et al.,
1983) showed that American Friesians were about 6% bigger than British
Friesians, and a SREBW value of 512 kg was used for the data of Gibb et
al. (1992).

Data from the above five experiments are shown in Table 5, along with
EBFP predicted with equation (6). For just-calved (0 days in milk; DIM)
and 7-day prepartum cows, equation (6) accurately predicted EBFP. For
the other 10 treatment groups in these five experiments, equation (6) con-
sistently overpredicted EBFP for lactating cows. These results show that
the model for non-lactating mature cows could accurately predict EBFP of
mature cows that have just calved or are at a very advanced stage of preg-
nancy, but would overpredict the EBFP in lactating cows. Results were
further interpreted to suggest that lactating cows would have a greater
proportion of fat in EBW change than that predicted with equation (7).

Williams et al. (1989) used the concept that lactating cows have a
greater proportion of fat in EBW change compared with non-lactating
cows, to develop a model that predicted the fraction of fat in EBW loss of
Holstein cows during early lactation. The fraction of fat in EBW loss of
Holstein cows (SREBW =545 kg) predicted with equation (7) and with
the model of Williams et al. (1989) are plotted against values of ug ranging
from 0-6 to 1.3 in Fig. 4. The fraction of fat in EBW change with Williams
et al. (1989) is a function of EBW, and EBW values were obtained by
multiplying SREBW by uz. Compared with equation (7), the fraction of

TABLE 5
Observed and predicted average empty body fat percentage of prepartum, just calved, and
lactating mature Holstein cows

Source n  Days in milk Empty body wt, Empty body fat, %
ke Observed  Predicted®
Bath ef al. (1965) 6 42 454 14.2 18-2
6 91 417 11-8 15-4
N 147 397 9-1 139
Brown er al. (1989) 9 26 471 {13 19-5
McGuffey er al. (1991) 12 36 470 163 19-4
Gibb et al. (1992) 6 0 500 221 24.0
6 14 471 18-4 217
6 35 459 19-6 20-8
6 42 444 16-5 19-6
Andrew er al. (1994) 10 -7 463 19-4 18.9
7 63 452 10-5 181
8 269 480 169 201

“Empty body fat percentage predicted with equation (6), using a value of 512 kg for
SREBW of cows from the experiment by Gibb et al. (1992), and 545 kg for the other
experiments.
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fat in EBW loss predicted with Williams ef al. (1989) was 1-6 times greater
at a ug value of 0-6 and 1-1 times greater at a ug value of 1-3. One major
limitation of Williams et al. (1989) is that the model is based on a single
breed and cannot be extrapolated to other breeds. Another consequence
of Williams et al. (1989) is that the model would predict different fractions
of fat in EBW change, between mature cows of different breeds at the
same value of ug, and this result is the opposite of that in equation (7).

We conclude from this evaluation that for different breeds of cattle,
equation (7) would adequately predict the fraction of fat in EBW change
of non-lactating cows, but would underpredict this fraction during lacta-
tion. One solution would be to use non-lactating cows as a base, and for
lactating cows, adjust upwards the fraction of fat predicted with equation
(7). This approach is discussed in the following section.

Modelling composition of empty body weight changes in lactating and non-
lactating mature cattle

Equation (7) may be modified additively or multiplicatively to predict a
higher proportion of fat in EBW change during lactation. We chose to use
an additive adjustment. Equation (7) is dREBFW/dEBW = —-0-157
+0-814 * ug, and with an additive adjustment we will predict the fraction
of fat in EBW change (dIEBFW/dEBW) as dREBFW/dEBW, plus an

-
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Fig. 4. Fraction of fat in empty body weight change, predicted with the model of Williams
et al. (1989) for lactating Holstein cows, and with equation (7) for non-pregnant non-
lactating mature cows, plotted against proportion standard reference empty body weight.
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additional fraction which will be smaller than dREBFW/dEBW. For non-
lactating cows the additive adjustment will be zero, and in this case
dEBFW/dEBW = dREBFW/dEBW. The additive adjustment may be
fixed, or we can use a non-linear function based on DIM gradually to
increase it from zero at the start of lactation to some peak value, then
decrease it. Studies by Bauman & Currie (1980) and Hart (1983) tend to
support a non-linear additive adjustment based on DIM.

Data from Hart (1983) show that circulating concentrations of growth
hormone increase and concentrations of insulin decrease with the magni-
tude of negative energy balance during early lactation. Data from Moe
(1965), reviewed by Bauman & Currie (1980), show that net energy balance
in six high-producing dairy cows was lowest (approximately —9 Mcal/day)
between weeks 1 and 4 of lactation, after which net energy balance started
to increase. We assume that lactating cows in negative energy balance
would lose EBW, and these data suggest that the fraction of fat in EBW
loss would increase as net energy balance becomes more negative.

The incomplete gamma function may be a reasonable function for an
additive adjustment, because it has the properties needed to make the
adjustment increase from zero at the start of lactation to some peak value,
then decrease it as the lactation progresses. This function is given in the
following equation:

b

xe

A=axn
where n is DIM, and a, b, and ¢ are parameters. Peak value for A is
obtained when n = b/c. Wood (1967) used this function to predict daily
milk yields, whereas we are using it to calculate an additive adjustment.

The value of A would be the same for all values of uy at the same DIM,
whereas predictions with the model of Williams ez al. (1989) in Fig. 4,
show that the difference in dEBFW/dEBW between lactating and non-
lactating cows decreases as uy increases. It is also possible for dAEBFW/
dEBW to be greater than 1 if the value of A remains independent of ug;
hence, we propose that A should be corrected for ug. The value of
dREBFW/dEBW increases with increasing values of ug, and a simple
functional form to correct A for uz would be 1| — dREBFW/dEBW. With
this correction we get:

dEBFW/dEBW = BASE + (1 — BASE) % A 9)

where BASE = dREBFW/dEBW. According to equation (9), lactating
cows in negative energy balance would mobilize fat reserves, and EBFW
would decrease at a faster rate than REBFW predicted with equation (6).
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We propose that for extended periods of negative energy balance, these
cows would start to conserve energy by reducing the fraction of fat in
EBW loss predicted with equation (9), and this would result in reduced
daily milk yields. The following modification of equation (9) is suggested
to account for this tendency to conserve energy:

dEBFW/dEBW = BASE + (I — BASE) % A * EBFW/REBFW  (10)

where EBFW is the actual weight in kg of empty body fat and REBFW is
the reference empty body fat weight in kg predicted with equation (6).
The next case to consider is where lactating cows that lose EBW during
early lactation start to gain EBW later on in the lactation. Data from Flatt
et al. (1965) summarized by Reid & Robb (1971) show that cows that lose
EBW and deplete fat reserves during early lactation, replete these fat
reserves when EBW change becomes positive. Data from Chigaru &
Topps (1981) on lactating Hereford x British Friesian mature cows that
lost EBW between day 70 and 112 of lactation, and fully regained the
EBW loss at day 154 of lactation, showed that empty body composition at
day 154 was approximately the same as at day 70. Data from Gibb et al.
(1992) on chemical empty body composition of 54 Holstein—Friesian
cows, slaughtered serially at 0, 2, 5, 8, 11, 14, 19, 24, and 29 weeks post-
partum, showed that 37-4 kg fat was depleted between 0 and 8 weeks
postpartum, and at 24 weeks postpartum both EBW and fat weight were
approximately the same as at 0 weeks postpartum. These data indicate
that when EBW lost in early lactation is fully regained in late lactation,
the weight of fat depleted is also fully regained. For cows that are gaining
EBW after a period of EBW loss during early lactation, we propose the
following equation to predict the fraction of fat in daily EBW gain:

dEBFW/dEBW = BASE x REBFW/EBFW. (11)

At the end of the EBW loss period REBFW would be greater than EBFW
and the quantity REBFW/EBFW would be greater than 1. Hence, equa-
tion (11) would predict a higher fraction of fat in EBW gain than BASE
predicted with equation (7), and over the EBW gain period, empty body
composition would gradually approach the composition at the start of the
EBW loss period.

Equations (10) and (11) both predict the fraction of fat in EBW change.
Equation (11) was developed for lactating cows that are gaining EBW
after a period of EBW loss, and equation (10) for lactating cows that are
losing EBW, and non-lactating cows that are either gaining or losing
EBW. For non-lactating cows, DIM is zero, and A is zero; hence
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dEBFW/dEBW = BASE = dREBFW/dEBW. Both equations (10) and
(11) predict dEBFW/dEBW, and the daily change in weight of fat is:

dEBFW/dt = dEBFW/dEBW * dEBW/dt. (12)

According to this equation empty body composition would not change
when animals are in weight stasis (IEBW/d¢=0). We will discuss the
impact of equation (12) on body composition of cows that lose EBW
during early lactation and do not fully regain the weight loss at the end of
lactation. In the first case if we feed these cows at the end of lactation to
maintain EBW, empty body composition would not change and EBFW
would remain smaller than REBFW (predicted with equation (6)) regard-
less of the duration of weight stasis. In the second case if we feed these
cows to regain EBW loss fully during the dry period, the weight of fat lost
would not be fully regained. In these cows EBFW is less than REBFW at
the end of lactation, and we propose that if these cows are kept in EBW
stasis or are fed in the dry period to regain the EBW loss, then EBFW
would gradually approach REBFW. This proposal is incorporated into
equation (12) with the following modification:

dEBFW/dt = dEBFW/dEBW * dEBW/d¢ + 0-003 * (REBFW — EBFW)
(13)

where REBFW is predicted with equation (6) and EBFW is actual weight
of fat. The constant 0-003 is based on experimental results of Taylor ef al.
(1981) who found that fixed levels of feeding need to be maintained for
approximately 2 years before an equilibrium BW is achieved.

The mathematical formulation of a model to predict composition of
EBW change in lactating and non-lactating cows is contained in equation
(13), where dEBFW/dEBW is predicted with equation (11) for lactating
cows that are gaining EBW, or with equation (10) for all other cows. The
next step is to estimate parameters a, b, and c, used to calculate A. Data on
Hereford x British Friesian mature cows from Chigaru & Topps (1981)
summarized by Williams et al. (1989) were used to estimate parameters «,
b, and c. These cows lost an average of 37 kg BW and 21-56 kg fat from
70 to 112 days of lactation. Values for the parameters a, b, and ¢, were
calibrated to fit these data. The resulting values were a=0-001, 5=2, and
¢=0-045. From 112 to 154 days of lactation, the cows in this experiment
fully regained BW lost during days 70 to 112 of lactation. Simulated
results using equation (13) and the values for parameters a, b, and ¢
showed that these cows regained 21-21 kg fat, compared with an average
observed value of 21.73 kg fat.
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Angus cows at SREBW (ug= 1) were simulated to lose 1 kg EBW in the
first 100 days of lactation, using equation (13) to predict the fraction of fat
in daily EBW loss over this period. The fraction of fat in daily EBW loss
from this simulation and from equation (7) are plotted against DIM in
Fig. 5. These results show that over the period simulated, weight loss
contained 64-7% fat with equation (13) vs. 56-7% with equation (7). The
fraction of fat in EBW loss predicted with equation (13) peaked at
34 DIM, and the curve had a similar opposite shape to the net energy
balance curve calculated by Bauman & Currte (1980) with data from Moe
(1965) on six Holstein cows.

The value of A in equation (10) can be increased or decreased by changing
the value of the parameter a; hence, it is possible that we may be able to
calibrate this parameter to reflect the magnitude of negative energy balance
in lactating cows. The magnitude of negative energy balance during early
lactation is probably greater in dairy cows than in beef cows, and this
calibration may be more applicable for dairy cows. However, reproducing
beef cows consume lower quality diets than dairy cows, and this would
justify calibrating parameter a for beef cows also. In Fig. 6, A values for
a=0-001 and 0-0012 are plotted against DIM. For the first 100 days of
lactation the average A value was 0-18 with a=0-001 and 0-22 with
a=0-0012. At 150 DIM, i values were small and had very little impact on
the added fraction of fat in EBW loss predicted with equation (13).
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0.7 |

0.65 | —— Equation [13]

FRACTION OF FAT IN EMPTY BW CHANGE

06}
Equation [7] ———
055 |
05}
0.45 ‘ .
0 20 40 60 80 100

DAYS IN MILK

Fig. 5. Relationship between fraction of fat in empty body weight change, predicted with
equations (7) and (11), and days in milk, for Angus cows losing | kg empty body weight
per day, over the first 100 days of lactation.
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Fig. 6. Relationship between ) values and days in milk, at two values for the parameter a,
A =axn*e " where nis days in milk, 5 = 2, and ¢ = 0-045.

APPLICATION

Models that simulate cattle performance (Bourdon, 1983; Notter, 1977)
use predicted daily feed intake as the starting point, and estimate the daily
net energy balance which may be negative or positive after accounting for
energy requirements for maintenance, gestation, and lactation. This daily
net energy balance (dANEB/d¢) is used in the aforementioned models to
predict the amount and composition of daily changes in EBW. Equations
developed in the present study are driven by daily rates of change in EBW
which impact EBW as a proportion of SREBW, and we will show how
dNEB/dr can be used to drive these equations and predict the amount and
composition of EBW changes, then work through an example to illustrate
the methodology.

Daily change in EBW is composed of fat (AEBFW/ds) and fat-free
matter (AEBFFW/ds). All of dEBFW/ds contains energy, but only the
protein fraction of dEBFFW/dr contains energy. We will use 9-5 Mcal and
5-7 Mcal (Brouwer, 1965) as the net energy value per kg of fat and pro-
tein, respectively, and assume that dEBFFW/d¢ contains 24-3% protein
(Williams et al., 1995). Because dEBW/d¢ = dEBFFW/dr + dEBFW/d1,
we can write dEBFFW/dt as dEBW/d¢r — dEBFW/ds. Hence,

dNEB/dt = p x (dAEBW/dr — dEBFW/d?) + £+ dEBFW/d¢
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where p=0243*5.7=1.39, and f=9-5. This equation contains two
unknowns (dEBW/ds and dEBFW/d), and in order to obtain a solution
we will rewrite dEBFW/dz in terms of dEBW/d¢, to obtain one equation
with one unknown, which is dEBW/dz.

Equation (13) is used to predict dEBFW/d¢, and this equation can be
rewritten as

dEBFW/dr = k + dEBW/dt + ¢

where ¢ = 0-003 x (REBFW — EBFW) and £ = dEBFW/dEBW, which
is calculated with equation (10) or equation (11). Substituting this equa-
tion for dEBFW/dt into the equation for ANEB/ds we get

dNEB/dt = p x (dEBW/dr — (k * dEBW/dt + ¢)) + f* (k * dEBW/dt + ¢)
=p*xdEBW/dt — pxk« dEBW/dt —p*x g+ fxkx«dEBW/dt + f* ¢
=dEBW/dtx(p—pxk+fxk)—p*xqg+f*xq (14)
and

dEBW/dt = (ANEB/dt+p*xq—f*q)/(p —pxk +f* k). (15)

The knowns in this equation are dNEB/d¢, p and f. The unknowns are k
and ¢. If animals are lactating, k is calculated with equation (10) for
dEBW/dr <0 and equation (11) for dEBW/dr> 0. Hence we need to cal-
culate the value of dNEB/ds at which dEBW/d¢ is zero. This value is
obtained by setting dEBW/d to zero in equation (14) and calculating the
value of dNEB/dr as ANEB/dt = f* g — p * ¢q. If ANEB/dr is greater than
this value then equation (11) is used, and if it is less than this value equation
(10) is used. The following example illustrates the estimation of k£ and g.

The example is based on a Hereford x Angus cow (SREBW =461 kg,
from Table 2), 10 DIM, with an EBW of 378 kg, 15% empty body fat,
and a ANEB/ds of —3 Mcal. These five pieces of information are all that
is needed to estimate the amount and composition of dEBW/d:. For
different genotypes values of SREBW in Table 2 can be used. DIM and
EBW are known. The simulation model being used would keep track of
empty body fat percentage and estimate dNEB/d¢ on a daily basis. With
this information values for the following variables are calculated as
follows:

ur = EBW/SREBW = 378/461 = 0-82



22 C. B. Williams, T. G. Jenkins

A = 0-001 % 10% % e~ %410 — 0.0638

EBFW = 0-15% 378 = 56-7 kg (weight of empty body fat).

From equation (6) the reference empty body fat percentage (REBFP) is
REBFP = —15-7+40-7« EBW/SREBW = 17-674
REBFW = 0-17674 % 378 = 66-8 kg (reference empty body fat weight)
BASE = —0-157 + 0-814 % ug = 0-5105 [eqn(7)]
g = 0-003 % (66-8 — 56-7) = 0-0303.

The value of dNEB/d¢t for zero change in EBW is
(9-5*0-0303—1-39*0-0303) = 0-2458. Because the actual value of dNEB/d¢
is —3, and DIM is 10, we will use equation (10) to calculate k. With this
equation we get:

k =0-5105+ (1 — 0-5105) % 0-0638 x 56-7/66-8 = 0-537

and with equation (15) we get:
dEBW/ds = (-3 4+ 1-39 % 0-0303 — 9-5 % 0-0303)/
(1.39 - 1-39%0-537 4+ 9-5 % 0-537) = —0-565 kg
dEBFW/dt = 0-537 % (—0-565) + 0-0303 = —0-273 kg

dFFMW/d? = —0-565 — (—0-273) = —0-292.

The fraction of fat in this weight loss is —0-273/—0-565=10-4832, and the
energy contained in the weight loss is 3 Mcal (1-39*0-292 +9-5*0-273) or
5-309 Mcal/kg weight loss (3/0-565).

Empty body weight loss to satisfy a negative energy balance of 3 Mcal
of net energy was calculated for this cow at 15% and 17% empty body
fatness, and 1 at its SREBW of 461 kg and an empty body fatness of 25%.
These calculations were made at 10, 30, and 150 DIM, and during the dry
period, and the results together with the energy density of the weight loss
are shown in Table 6. At 30 DIM the energy density of the weight loss is
higher than at 10 DIM and the weight loss is smaller. Weight losses have
the lowest energy density late in the lactation (150 DIM) and during the
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TABLE 6
Daily amount? (kg) and energy density (Mcal/kg) of empty body weight loss to satisfy a
negative net energy balance of 3 Mcal for a cow with a standard reference empty body
weight of 461 kg in different physiological states

Animal description® Days of lactation
10 30 150 Dry

378 kg, 15% fat

Weight loss (kg) —0-565 —0-514 —0-578 —0-587

Energy/kg weight loss (Mcal) 5-309 5-838 5193 5-111
378 kg, 17% fat

Weight loss (kg) -0-530 —0-477 —0-544 —0-554

Energy/kg weight loss (Mcal) 5-657 6-291 5517 5418
461 kg, 25% fat

Weight loss (kg) —0-435 —-0-407 —0-442 —0-447

Energy/kg weight loss (Mcal) 6-896 7-367 6-792 6718

“With an actual simulation, daily net energy balance and amount and energy density of
empty body weight loss would change each day.
»All weights and fatness are on an empty body weight basis.

dry period. In addition, if the animal was fatter (17%), the weight loss
would have a higher energy density; thus a smaller weight loss would be
required to satisfy the same negative energy balance, compared with an
animal at 15% empty body fatness. This trend is seen to a greater extent in
animals that are heavier and fatter (461 kg with 25% empty body fat), and
supports results which show that animals that are in good condition at
calving tend to have shorter post-calving intervals, compared with animals
that calve in poor condition.

For a larger breed of cow at the same proportion of SREBW and at the
same percentage empty body fatness as a smaller type, the weight loss to
satisfy the same negative energy balance would have approximately the
same energy density. Therefore the smaller type would have an advantage
under conditions of low-feed availability, because of its lower total main-
tenance requirements. The equations in this paper can also be used to
calculate the net energy requirements for a specified daily gain. In this case
dEBWT/dt is known, and equation (14) would predict the daily net energy
requirements for empty body weight gain.
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